The advisability of controlling the temperature rise and fall in concrete at early age is well recognised, and the choice of an appropriate, low-heat cement with suitable heat of hydration characteristics can assist in this control. This is particularly pertinent with respect to water-retaining and massive concrete structures where the need to prevent early-age thermal cracking is paramount. Portland cement/ground granulated blast furnace slag (PC/ggbs) or PC/fly ash cements are often used in these structures due to their low heat hydration properties. This paper presents the results of isothermal conduction calorimetry tests carried out on PC/ggbs and PC/fly ash cements and describes a model that uses these results to simulate the heat evolution processes in hydration concrete sections at early ages. The tests covered a range up to 90% ggbs and up to 65% fly ash content by mass of cement, at temperatures from 58 to 608C. For PC/ggbs cements, the total heat of hydration can be considered as a composition of three components, that is heats from an initial Portland cement reaction, a latent ggbs hydraulic reaction and co-reactivity effects of PC and ggbs; whereas for PC/fly ash cements, the initial PC reaction dominated with a small co-reactivity effect.
Introduction
The advisability of controlling the temperature rise and fall in concrete at early age is well recognised as one of the major factors in preventing early-age thermal cracking. 1, 2 When concrete is externally restrained and the difference between the peak temperature inside the concrete core and mean ambient is large, temperature gradients across the concrete section can initiate visual cracking. If these cracks are not minimised and crack widths controlled, cracking may seriously affect serviceability. As a result the need to prevent early-age thermal cracking is paramount with respect to waterretaining and massive concrete structures. The degree of temperature loss in concrete can be controlled by various means and the use of low heat cement is effective. 3, 4 Indeed, blended cements consisting of Portland cement (PC) and ground granulated blast furnace slag (ggbs) or fly ash are widely used throughout the world, because they have low heat of hydration while producing concrete with excellent long-term strength and durability, as a result of latent hydraulic or pozzolanic reactions. 1, [4] [5] [6] In order to simulate the heat evolution inside a concrete structure and predict the peak temperature, it is vital to establish a proper hydration model of the cement. Currently, cement hydration models play an important role in prediction of the temperature distribution inside concrete, and are used to predict concrete formwork striking times 7 and simulate microstructure formation and degradation processes. [8] [9] [10] [11] A number of cement hydration models have been published. 5, [8] [9] [10] [11] [12] [13] [14] However, from the view of concrete temperature simulation, some models are over-complicated, requiring a large number of parameters, many of which are not available in general engineering practice; for example cement mineral compositions, such as C 3 S, C 2 S, C 3 A and C 4 AF content, and their particle sizes. On the other hand, some models are over-simplified and cannot be used to vary non-PC content in cement combinations. Thus, they cannot be used to proportion blended cement combinations in order to optimise temperature control and concrete performance.
This paper describes an experimental and theoretical study carried out to develop a hydration model for PC/ggbs and PC/fly ash blended cements to estimate the early-age temperature of concrete structures. It enables the effect of blended cement composition to be taken into account, and makes it possible to predict an optimum cement combination for controlling concrete performance.
Experimental programme
In this study, a systematic series of isothermal conduction calorimetry tests for PC/ggbs and PC/fly ash blended cements were carried out at temperatures of 5, 20, 40 and 608C, and the effect of cement composition on the heat evolution performance examined. The curves of rate of heat evolution against time and cumulative heat were analysed and a mathematical model based on the test results proposed.
Materials
A single Portland cement, strength class 42 . 5N conforming to BS EN 197-1 15 was used throughout. Two sources of ggbs, denoted GA and GB, and two sources of fly ash, FA and FB, were used to prepare different blended cements. The physical and chemical properties are shown in Table 1 . Additions GA and FA were finer than GB and FB, respectively.
Cement combinations and test programme
To examine the effect of ggbs and fly ash content on the heat of hydration, isothermal calorimetry tests were carried out over a range of combination contents including 100% PC, four different ggbs contents, 35, 50, 70 and 90% by mass, and three fly ash contents, 35, 50, and 65% by mass. For each test, 30 g cement was used and the water/cement ratio (w/c) was fixed at 0 . 5. To ascertain the 'apparent activation energy', each cement combination was tested at four different temperatures: 5, 20, 40 and 608C.
The isothermal conduction calorimeter used was a JAF conduction calorimeter manufactured by Wexham Developments, UK. The heat evolution process up to 72 h was recorded and calculated using software supplied by the manufacturer. Table 2 gives: (a) the time to attain the maximum rate of heat evolution; (b) maximum heat evolution, W/kg; (c) total heat up to the maximum rate of heat evolution; and (d) cumulative heat at 72 h, for PC at 5, 20, 40 and 608C.
Experimental results

Portland cement
The rate of heat evolution, q, against time, t, and cumulative heat, Q cc , are shown in Fig. 1 . The rate is characterised by smooth curves and a clear maximum rate of heat evolution. The maximum rate of heat evolution, q max , increases with an increase in hydration temperature and the time to reach the maximum rate of heat evolution is shorter at higher temperatures ( Fig.  1(a) ).
In Fig. 1(b) , it can be seen that the cumulative heat, Q tm , at q max is similar for different hydration temperatures, and ranges from 50 to 60 kJ/kg, for the PC tested over the temperature range from 5 to 608C. This is similar to the results of De Schutter, 5, 16 in which the measured temperature range was 5 to 358C. The importance of this plot of heat evolution rate against cumulative heat is that although no fundamental relation exists, Q cc reflects the relative degree of hydration of the solids; moreover, an approximate constant for the activation energy, E, of PC hydration can be derived.
The measured cumulative heat at 72 h hydration was greater for the higher temperatures. This was anticipated since, in a given time, the higher the temperature, the higher the degree of hydration of the cement.
PC/ggbs cements
Typical curves of the rate of heat evolution, q, against time, t, and cumulative heat, Q cc , for PC/ggbs cements are shown in Figs 2 and 3. In general, the relationships are characterised by double maxima, which are considered to result from an initial Portland cement reaction, followed by a later ggbs reaction activated by the portlandite liberated by hydration of the Portland cement. However, the second peak tended to become coincident with the first peak at 608C.
The heat evolution curves were similar for the two types of ggbs, when comparing the same temperature. The rate of heat evolution and total heat output for GA was greater than that of GB, reflecting the higher fineness and greater reactivity of GA. Comparisons of the curves of rate of heat evolution against cumulative heat are shown in Fig. 4 ; the difference in heat evolution rates between GA and GB becomes more apparent at higher hydration temperatures.
The effects of ggbs content on the maximum rate of heat evolution are shown in Fig. 5 . An approximately linear relationship between the two parameters is observed for both types of PC/ggbs cement combinations over the range of measurements.
The relationships between cumulative heat at 72 h and ggbs content are shown in Fig. 6 . Nearly linear relationships are obtained at the lower temperatures, 5-208C, with the relationship becoming less linear at higher temperatures, 40-608C. From the figure, it can be seen that ggbs cement with less than 50% ggbs can generate more heat than PC at high temperatures, especially when GA, the more reactive ggbs, was used. This phenomenon has also been reported by other researchers. 17, 18 However, for higher ggbs content blends, say ggbs contents greater than 70%, this phenomenon will not occur.
PC/fly ash cements
Some typical curves of the rate of heat evolution, q, against time, t, and cumulative heat, Q cc , for PC/fly ash cements are shown in Figs 7 and 8, respectively. Generally, the relationships show a small tendency towards two maxima but these are clearly less defined that those of ggbs cements, and the second maximum is generally lower than the first maximum which is attributed to hydration of the Portland cement.
Comparisons of rate of heat evolution against cumulative heat of the two types of fly ash cements are shown in Fig. 9 . The two fly ash cements gave similar curves for the same temperature. The rate of heat evolution and cumulative heat for FA was marginally greater than that of FB, reflecting the greater fineness of FA. The effect of fly ash content on the maximum rate of heat evolution is shown in Fig. 10 , and as with the ggbs cements, a linear relationship exists between the two parameters. However, the differences between the results of the two fly ash cements were negligible. This would be expected because the highest rate is due to PC reaction, and is not generally influenced by fly ash. Linear relationships were found between cumulative heat at 72 h and fly ash contents (Fig. 11) . However, the linear relationships exist even at higher temperatures, showing that the pozzolanic reaction of fly ash has little influence on the total heat generated up to 72 h (the time frame in which the temperature peaks, and therefore the maximum thermal gradient in concrete will be achieved). Beyond 72 h, it is likely that the pozzolanic reaction will have an increasingly significant effect on total heat.
Hydration modelling
Portland cement
Examination of several cement hydration models and comparison with the results obtained in this study found that the De Schutter model 5, 16 was accurate in 
where q max20 is the maximum heat hydration rate of PC at 208C; Q cc (t) is the cumulative heat of hydration at t; Q max is the total heat of hydration released at the end of the reaction; and a, b, c are constants.
In considering the effect of temperature on the hydration, the Arrhenius function has been chosen; when heat is produced by a zero-order chemical reaction, the rate of heat production may be represented by the following function
where q 0 , k are constants and E(Q cc ) is the apparent activation energy at Q cc . It is approximately a constant for PC hydration and simply expressed as E hereafter.
R is the universal gas constant, and when T ref ¼ 208C (293 K) and q 20 are used as a reference
Based on the test data, parameters in the formulae above can be calibrated as given in Table 3 together with De Schutter's original model parameters. The differences between the two sets of parameters reflect the different hydration characteristics of the cements used in this study and by De Schutter. The curves from the model simulation and the measured data are shown in Fig. 12 .
PC/ggbs cements
Although De Schutter has proposed a model for ggbs cement hydration, 5, 16 this model does not relate the heat production rate to the ggbs content. Indeed, when the model was applied to the results obtained in this study, no meaningful relationships were found between the model parameters and ggbs content. Therefore, a refined model was required to deal with this variable. Based on the experimental work, the following model has been proposed.
(a) Heat production rate, q, of the cement hydration was divided into three portions: (i) a PC hydration, q p ; (ii) a ggbs hydration, q s and (iii) a co-reactivity effect of PC and additions, q r , namely 
Similar model patterns to equation (1) and (3) were used for both PC and ggbs hydrations:
and
where q p,max20 is the maximum heat hydration rate of PC at 208C; q s,max20 is the maximum heat hydration rate of ggbs at 208C; r is Q cc (t)/Q max ; Q cc (t) is the cumulated heat of hydration at t; Q max is the total heat of hydration released at the end of the reaction; a p , b p , c p are constants for PC hydration; and a s , b s , c s are constants for ggbs hydration. The Arrhenius functions are expressed as
where E p is the apparent activation energy for PC and E s is the apparent activation energy for ggbs.
It is assumed that both E p and E s are constants that are only associated with the chemical reactivity of PC and ggbs respectively, and are independent of PC/ggbs proportions. For a given ggbs content in cement, the modelling process is divided into three steps as illustrated schematically in Fig. 13 . Take 70% GB cement as an example.
Step 1. Modelling PC hydration q p . Test results of the 70% GB cement at temperatures 5, 20, 40 and 608C are shown in Fig. 13(a) , an adapted version of Fig. 3(b) . Based on the PC modelling results given in Table 3 and Fig. 12 , it can be shown that
The total Q max can be obtained by extending the q-Q cc curves to the point q ¼ 0. In this example, Q max ¼ 255 kJ/kg as shown in Fig. 13(a) . When inconsistency was found from different curve extensions, the value was taken according to the curves measured at higher temperature since the extended section was short and the error can be ignored.
Of the three constants a p , b p and c p , a p is fixed at 0 . 875 as obtained in Table 3 , b p is derived such that the time to maximum rate of heat evolution is the same as that of plain PC and c p is adjusted so that f p (r) ¼ 1 at the point q p,20 ¼ q p,max20 . The modelling curves of the PC contribution are also shown in Fig. 13(a) .
Step 2. Modelling ggbs hydration q s . Subtraction of the modelling q p values from the total measured values gives the curves that result from ggbs hydration and the co-reactivity effect of PC and additions, as shown in Fig. 13(b) . In Fig. 13(b) , it can be seen that the main maximum, which occurs at Q cc ¼ 86 kJ/kg results from ggbs hydration, and modelling curves from equations (6) and (8) can be obtained as shown in Fig.  13(b) . The modelling constants are
Comparing the ggbs modelling curves with that of PC, it can be seen that PC hydration maxima occurred before the ggbs hydration maxima and that the E s value is larger than E p value. This agrees with the hydration characteristics of ggbs cement described in CIRIA Report 91 1 and by other researchers.
17,18
Step 3. Modelling co-reactivity effects of PC and additions, q r . After subtracting the modelling q p and q s values from the total results values, there is a residual heat which is unaccounted for. However, these small peaks are marginal as shown in Fig. 13(c) , and no particular relationship can be found for them. These small peaks cannot belong to PC hydration or to ggbs hydration alone, but could result from some coreactivity effects of PC clinker and additions, although further confirmation is required. (Note that here additions mean ggbs, fly ash or some other mineral materials blended into PC.). This remaining contribution can for practical purposes be ignored and only a small difference was found in the concrete temperature rise calculation. When judged by the area under the curves, the remaining part accounts for 5%, on average, of the total area.
It was thought that the co-reactivity effect could be caused by a number of independent small factors, some of which are mentioned in the literature, 17 for example, hydration of some components in the PC or ggbs being accelerated or delayed under particular solution and temperature conditions. In practice, their synthesis effect can be simulated by a normal distribution curve, expressed as the following equation.
where a r , b r and c r are constants for co-reactivity effects of PC and additions, and are dependent on temperature and the PC/ggbs combination. Of the three constants, a r determined the height of the peak, b r determined its position and c r determined its width. The modelling curves for these small peaks are also shown in Fig. 13(c) . Fig. 13(d) shows the final modelling curves in comparison with the measured data.
By this method, hydration models for different PC/ ggbs combinations can be derived. Fig. 14 shows some curves calculated from the model alongside the measured data for ggbs cements on which it was based. Table 4 gives values of all parameters for PC/GB combinations.
The relationships between q p,max20 and q s,max20 and ggbs contents are shown in Fig. 15 . For PC hydration, the relationship was assumed linear. After subtracting the modelling q p values, the maximum heat of hydration rate for ggbs, q s,max20 , was found to be increasing linearly. However, since the hydration of ggbs requires portlandite made available during the PC hydration, this linear relationship only exists in a certain range, in which the release of Ca(OH) 2 matches the requirement for ggbs reaction. The results show that for ggbs contents greater than 70%, the potential q s,max20 cannot be achieved due to the lack of Ca(OH) 2 . As a result, there is a q s,max20 plateau. As the PC reaction and ggbs reaction occurred coincidently and co-reactivity effects in the PC/ggbs combination system existed, division of the total heat of hydration into heat from PC and ggbs, as used in De Schutter's original model, was not necessary in the model proposed.
PC/fly ash cements
A similar modelling process to that described for PC/ggbs cements above can be applied to modelling PC/fly ash cements. During fly ash cement hydration, fly ash initially accelerates the reaction of the Portland cement (co-reactivity effect) followed by pozzolanic reactions. 1 Unlike ggbs cements, the pozzolanic reactions of fly ash are small at early ages, and are therefore not significantly observed within the first 72 h of hydration. For this reason, the second reaction contribution, q s , can be ignored in the modelling process. As a result, the heat production rate for fly ash cements, up to 72 h can be given as Figure 16 shows curves resulting from the model alongside the measured data for fly ash cements on which it was based. For predictions of temperature at later ages, q s , the pozzolanic reaction, will need to be taken into account.
Conclusions and discussion
Systematic isothermal conduction calorimetry tests for PC/ggbs and PC/fly ash blended cements were However, for the co-reactivity effect and ggbs reaction, a new model was developed. With this model, the effect of cement combinations can be taken into account and it is possible to design an optimum cement combination to achieve an optimal point for both temperature control and satisfactory concrete performance. It should be recognised that the hydration process of blended cement is far more complex than a combination of three contributions as used in the model. The model presented in this paper reflects a balance of accuracy, complexity and information required. Following the modelling process provided in this study, a more accurate model can be established when for example cement mineral compositions, their individual hydration properties, and interactions are available. Whatever the complexity of a cement combination, it can be divided into n hydration components, in which each component obeys Arrhenius law and can be modelled using formulae in the form of equations (1)- (3), respectively. In addition, there exist several coreactivity effects in the system, which do not obey Arrhenius law and they can be modelled using formulae in the form of equation (9) . Further work is required to verify this inference.
A computer program using models described in this paper was developed to predict the temperature rise in concrete. Satisfactory predictions were obtained in relation to the several on-site concrete constructions. It was noted that the Wexham calorimeter used in the tests does not record early-age heat, yet this contributes to temperature rise. Computer simulation showed that the main effect of the early age heat is on the time to reach the peak temperature and has only a small effect on the peak temperature itself. Work is in progress to consider this effect as well as other effects, such as admixtures, affecting the temperature rise of the concrete. 
